The serine/threonine kinase, PIM1, is involved in promoting cell survival in part by phosphorylation and inhibition of proapoptotic proteins. Apoptosis signaling kinase 1 (ASK1), a mitogen-activated protein kinase kinase kinase, is involved in the so-called stress-activated pathways that contribute to apoptotic cell death. Here we show that PIM1 phosphorylates ASK1 specifically on serine residue 83 (Ser83) both in vitro and in vivo and that PIM1 binds to ASK1 in cells by co-immunoprecipitation. Using H1299 cells, our results further demonstrate that PIM1 phosphorylation of ASK1 decreases its kinase activity induced by oxidative stress. PIM1 phosphorylation of ASK1 on Ser83 inhibited ASK1-mediated c-Jun N-terminal kinase phosphorylation as well as p38 kinase phosphorylation. Under H 2 O 2 -induced stress conditions that normally lead to apoptosis, these phosphorylation events were associated with inhibition of caspase-3 activation and resulted in reduced cell death. Moreover, knockdown of PIM1 in H1299 cells decreased phosphorylation of endogenous Ser83 of ASK1 and was associated with a decrease in cell viability after H 2 O 2 treatment. Taken together, these data reveal a novel mechanism by which PIM1 promotes cell survival that involves negative regulation of the stress-activated kinase, ASK1.
Introduction
Stress to a cell can trigger the activation of a specialized group of mitogen-activated protein kinase (MAPK) cascades that induce cell death (Karin and Delhase, 1998) . Apoptosis signaling kinase 1 (ASK1), one of the mitogen-activated protein kinase kinase kinases (MAPKKK), has a pivotal function in stress-induced apoptosis. ASK1 is activated by a variety of stressrelated stimuli, including hydrogen peroxide (H 2 O 2 ), reactive oxygen species (ROS), serum withdrawal, genotoxic agents, as well as ligation of Fas ligand and tumor necrosis factor (TNF) (Ichijo et al., 1997; Chang et al., 1998; Nishitoh et al., 1998; Liu et al., 2000) . For example, activation by H 2 O 2 occurs through the triggering of dephosphorylation of serine residue 967 (Ser967) by an okadaic acid-sensitive phosphatase. This specific dephosphorylation results in the dissociation of the ASK1:14-3-3 complex with a concomitant increase of ASK1 catalytic activity . The activated ASK1 phosphorylates and activates two different downstream kinases, MKK4/MKK7 and MKK3/MKK6. These in turn are required to activate c-Jun N-terminal kinase (JNK) and p38 MAP kinase, respectively, before caspase-3 activation and apoptosis. Furthermore, it has been demonstrated that knocking down of ASK1 in embryonic fibroblasts causes the cells to become resistant to H 2 O 2 and TNF-induced apoptosis, and overexpression of a constitutively active form of ASK1 in cell induces caspase-3-dependent apoptosis (Ichijo et al., 1997; Hatai et al., 2000; Tobiume et al., 2001) . Therefore, it is clear that ASK1 has an important function in stress-induced apoptosis.
ASK1 kinase activity is regulated in various ways, including phosphorylation, protein interaction and oligomerization. Phosphorylation of ASK1 on Ser83 by AKT kinase (Kim et al., 2001 ) and dephosphorylation of Ser845 by protein phosphatase 5 ) decreases ASK1 activity. Ser83 of ASK1 remains fully phosphorylated in unstressed conditions that keep ASK1 inactive, whereas upon H 2 O 2 treatment, Ser83 of ASK1 becomes dephosphorylated that restores ASK1 activity . It has also been demonstrated that the proapoptotic activity of ASK1 can be inhibited by binding to reduced thioredoxin , Cdc25A (Zou et al., 2001) and, as mentioned above, by interaction with 14-3-3 proteins (Zhang et al., 1999) . This high level of regulation of ASK1 activity underscores the critical function ASK1 has in stress-activated kinase pathways and apoptosis.
PIM1 has been identified as a potent mediator of cell survival. The Pim1 gene was first identified as a preferential integration site of Moloney murine leukemia virus that induces T-lymphomas in mice (Cuypers et al., 1984) . The expression of PIM1 can be induced by many different cellular stresses, including exposure to H 2 O 2 (Katakami et al., 2004) , hypoxia (Teh, 2004) , heat shock (Shay et al., 2005) and cytotoxic agents (Pircher et al., 2000; Xie et al., 2006; Zemskova et al., 2008) . As a serine/threonine kinase, PIM1 prefers to phosphorylate the consensus sequence RXRHXS/T, where X is a small side chain amino acid neither basic nor acidic (Friedmann et al., 1992; Kumar et al., 2005; Peng et al., 2007) . Proapoptotic proteins that are regulated by PIM1 phosphorylation include BAD and FOXO3a (Aho et al., 2004; Morishita et al., 2008) . Phosphorylation on Ser112 of BAD, called the 'gatekeeper' site, by PIM1 enhances BCL2 activity and promotes cell survival.
Here we report that PIM1 directly binds to and phosphorylates ASK1 on Ser83. This phosphorylation event by PIM1 maintains ASK1 kinase in an inactive state that leads to a decrease in the downstreammediated phosphorylation of JNK and p38 by ASK1. This inhibition of ASK1 activity by PIM1 results in the inhibition of ASK1-dependent caspase-3 activation and reduction of cell death under stress conditions. Thus, PIM1 appears to promote cell survival by acting as a physiological inhibitor of the stress-induced ASK1-JNK/p38-caspase-3 apoptotic pathway.
Results

PIM1
phosphorylates ASK1 on Ser83 in vitro and in vivo ASK1 is a serine/threonine kinase, which can autophosphorylate and phosphorylate downstream MAPKK (Ichijo et al., 1997) . The N-terminal regulatory domain of ASK1 contains the consensus sequence RGRGSSV (Ser83 is underlined), which appears to be a sequence that would be expected to be phosphorylated by PIM1 (Friedmann et al., 1992; Kumar et al., 2005; Peng et al., 2007) . To determine whether ASK1 is a substrate for PIM1, we performed an in vitro kinase assay with recombinant His-tagged PIM1 protein (wild type WT or kinase dead KD) and hemagglutinin (HA)-tagged kinase ASK1 immunoprecipitated by anti-HA antibody from transfected H1299 cells. We found ASK1 is phosphorylated by WT His-PIM1, but not by KD His-PIM1 (Figure 1a ). To further determine whether Ser83 in ASK1 is phosphorylated by PIM1, we mutated Ser83 of ASK1 to alanine (S83A) and used this mutant as the substrate for WT His-PIM1. The phosphorylation of ASK1 by PIM1 was eliminated by the S83A mutation (Figure 1b) , indicating that ASK1 Ser83 is required for PIM1-mediated phosphorylation of ASK1. To rule out the possibility that PIM1 indirectly induces ASK1 phosphorylation through activating the auto-kinase activity of ASK1, we used KD ASK1 to run the same in vitro and in vivo kinase assay and obtained the same results as with the WT ASK1 with PIM1 in Figure 1 (data not shown).
To confirm that this specific phosphorylation event also occurs under in vivo conditions, we co-transfected H1299 cells with WT HA-ASK1 and vector alone or with PIM1 (WT or KD). After 24 h, cells were harvested and the phosphorylation status of ASK1 Ser83 detected by phospho-specific antibody was determined (Figure 1c) . Although a high level of ASK1 Ser83 phosphorylation was observed for HA-ASK1 co-transfected with WT PIM1, a significantly lower level of ASK1 Ser83 phosphorylation was observed (Po0.01) either with HA-ASK1 and empty vector or with HA-ASK1 and KD PIM1. We quantified the levels of pS83/total ASK1 in Figure 1c and saw a significant increase in the phosphorylation of Ser83 ASK1 in the presence of PIM1 (Po0.01). This suggests that enhanced pS83 in cells overexpressing PIM1 is due to phosphorylation of ASK1 by PIM1, and not due to elevated levels of ASK1.
To further determine whether this was due to phosphorylation on Ser83 of ASK1 by PIM1, we transfected the S83A ASK1 either with vector alone or with WT PIM1 into cells and lysates from these cells analysed by western blot with phospho-specific antibody against ASK1 (Figure 1d) . Results indicate that Ser83 phosphorylation of ASK1 was much more pronounced in cells transfected with WT PIM1 than in the control cells. These results demonstrate that PIM1 directly phosphorylates ASK1 on Ser83 under both in vitro and in vivo conditions.
PIM1 interacts with ASK1
To determine whether endogenous ASK1 physically associates with PIM1, we immunoprecipitated cell lysates of H1299 with anti-ASK1 antibody and in a western analysis probed with PIM1 antibody to check for their association (Figure 2a ). We found that the endogenous ASK1 and PIM1 associate with each other under native conditions. Thus, the endogenous interaction between ASK1 and PIM1 in H1299 cells strengthens its physiological relevance.
We conducted more immunoprecipitation experiments to further investigate this interaction. Cell lysates of H1299 co-transfected with HA-ASK1 and with either empty vector, FLAG-tagged WT PIM1 or KD PIM1 were immunoprecipitated with anti-HA antibody. Western blotting was performed with anti-FLAG antibody to detect the association of ASK1 and PIM1 (Figure 2b ). PIM1 was found to associate with ASK1, and this association was independent of PIM1 kinase activity. To further investigate whether the Ser83 residue of ASK1 was contributing to the ASK1-PIM1 complex formation, we co-transfected either WT or S83A ASK1 with vector alone or WT PIM1 into H1299 cells. ASK1 was immunoprecipitated out of the lysate by anti-HA antibody and western blotting was performed using anti-FLAG antibody (Figure 2c ). We found S83A ASK1 associated with PIM1 as well, and this suggests Ser83 phosphorylation of ASK1 did not appear to contribute to the interaction of PIM1 and ASK1. These results suggest that PIM1 physically interacts with ASK1 in cells, and this interaction is dependent neither on PIM1 kinase activity nor on ASK1 Ser83 phosphorylation.
PIM1 phosphorylation of ASK1 decreases ASK1 kinase activity Phosphorylation of ASK1 Ser83 by AKT attenuates ASK1 kinase activity (Kim et al., 2001) . It was of interest to determine if phosphorylation by PIM1 on the same residue would have a similar effect on ASK1 function. We measured the kinase activity of ASK1 with an immunoprecipitation-coupled in vitro kinase assay. After co-transfection of HA-ASK1 either with empty vector, WT PIM1 or KD PIM1 in H1299 cells, HA-ASK1 was immunoprecipitated with the anti-HA antibody and its kinase activity measured in the presence of 32 P-ATP and myelin basic protein (MBP) as the substrate. Consistent with previous reports, our ectopically expressed HA-ASK1 exhibited high kinase activity Galvan et al., 2003) (Figure 3a) ; however, we also found that ASK1 kinase activity was decreased in the presence of WT PIM1. This inhibition of ASK1 activity did not occur in the presence of KD PIM1, which indicates that a PIM1 kinase-dependent mechanism of ASK1 inhibition appears to exist.
To further determine whether Ser83 is required in a PIM1-dependent inhibition of ASK1 activity, we co-transfected HA-ASK1 (WT, S83A or KM (kinase mutant ASK1)) with or without WT PIM1 and then pulled down the HA-tagged ASK1 to perform an in vitro kinase assay using MBP as the substrate for ASK1 (Figure 3b ). The kinase activity of S83A ASK1 was not affected by WT PIM1, whereas kinase activity of WT ASK1 was greatly inhibited by it. ASK1 KM that does not have kinase activity was used as negative control. These results demonstrate that PIM1 decreases ASK1 kinase activity through phosphorylation of ASK1 Ser83. by PIM1 in vitro. Hemagglutinin (HA)-tagged ASK1 was immunoprecipitated from lysates of transfected H1299 cells and used as substrate in the PIM1 kinase assay that measures g-32 P-ATP incorporation. His-PIM1 (wild type, kinase dead) was expressed in Escherichia coli and affinity purified for use in the kinase assay. Phosphorylated proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and visualized by autoradiography. HA-ASK1 alone was used as a negative control. Upper panel shows the phosphorylation of ASK1, whereas the lower panels with western blot (WB) show the amount of HA-ASK1 and PIM1 protein loaded on the gel. (b) PIM1 phosphorylates ASK1 on serine residue 83 (Ser83) in vitro. Either HA-tagged ASK1 or ASK1 S83A mutant protein immunoprecipitated from the cell lysates was used as substrate for wild-type (WT) His-PIM1 kinase. g-32 P-ATP incorporation (upper panel) and protein levels determined by western blot (lower panels) are shown. (c) Phosphorylation of ASK1 by PIM1 in vivo. H1299 cells were co-transfected with HA-ASK1 and either empty vector, WT PIM1 or kinase-dead (KD) PIM1 for 24 h. Western blots were run on lysates from transfected cells by using ASK1 Ser83 phospho-specific antibody. Total level of ASK1, PIM1 and actin is also shown by western blot to anti-ASK1, PIM1 and actin antibodies. The blots were quantitated to graphically show the ratio of p-S83 ASK1 to total ASK1. (d) PIM1 phosphorylates ASK1 on Ser83 in H1299 cells. Either WT ASK1 or S83A ASK1 with or without PIM1 was transfected into the cells and Ser83 phosphorylation status of ASK1 determined by western blot.
PIM1 attenuates ASK1-mediated JNK, p38 and caspase-3 activation Previous studies have shown that ASK1 directly phosphorylates and activates MKK3/MKK6 and MKK4/MKK7, and in turn phosphorylates and activates JNK and p38, respectively (Matsuzawa and Ichijo, 2008) . These phosphorylation events result sequentially in the cleavage of pro-caspase-3 into two active cleaved Inhibition of ASK1 kinase activity by PIM1 is dependent on ASK1 Ser83. Hemagglutinin (HA)-ASK1 (WT or S83A) with or without PIM1 was transfected into the cells, and an in vitro kinase assay was run on the lysates as described in Figure 3a to determine the ASK1 kinase activity.
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JJ Gu et al caspase-3 isoforms, which is the final step in the apoptotic pathway Kim et al., 2005) . To determine whether PIM1 phosphorylation of ASK1 influences downstream cascade activities, we cotransfected H1299 cells with HA-ASK1 and either empty vector, WT PIM1 or KD PIM1. Phosphorylation of JNK and p38 was detected by phospho-specific antibody. Cleavage of caspase-3 was monitored by anticaspase-3 antibody as indicated in Figure 4a . We found that the exogenous ASK1 phosphorylates and activates JNK and p38 in the presence of equal level of JNK and p38. Consequently, the ASK1-dependent cleavage of the active form of caspase-3 is increased. However, WT PIM1 attenuates ASK1-mediated JNK and p38 phosphorylation and subsequently caspase-3 activation, whereas KD PIM1 has no effect on these events. The Figure 4 PIM1 attenuates apoptosis signaling kinase 1 (ASK1)-mediated c-Jun N-terminal kinase (JNK) and p38 phosphorylation and caspase-3 activation by phosphorylation of serine residue 83 (Ser83) of ASK1. (a) Phosphorylation by PIM1 diminishes ASK1-mediated cascade phosphorylation. H1299 cells were transfected with HA-ASK1 with or without PIM1 (wild type WT or kinase dead KD) for 24 h. The cells were then treated with 500 mM hydrogen peroxide (H 2 O 2 ) for 30 min and western blot analysis performed on cell lysates using different antibodies as indicated in the figure (pS83 ASK1, S83 phospho-specific antibody for ASK1; pJNK, phosphospecific antibody for JNK; p-p38, phospho-specific antibody for p38, cleaved caspase-3, active forms of caspase-3). The blots were quantitated to graphically show the ratio of p-JNK to total JNK and of p-p38 to total p38. (b) Inhibition of the ASK1-mediated pathway activated by PIM1 is ASK1 Ser83 phosphorylation dependent. Western blotting was carried out to compare the differences between the WT ASK1 and S83A ASK1 in the presence of PIM1. Cells were harvested after treatment with 500 mM H 2 O 2 for 30 min, and analysed by western blot using the same antibodies as described for Figure 4a . The blots were again quantitated to graphically show the ratio of p-JNK to total JNK and of p-p38 to total p38. (c) PIM1 does not inhibit deltaN-ASK1-dependent JNK/p38 and caspase-3 activation. The same procedures were followed as described in Figures 4a and b to compare the differences between the WT ASK1 and deltaN-ASK1 in the presence of PIM1. The blots were again quantitated to graphically show the ratio of p-JNK to total JNK and of p-p38 to total p38.
PIM1 inhibits ASK1-mediated apoptosis JJ Gu et al blots have been quantitated to show graphically the ratios of p-JNK/JNK and p-p38/p38. In Figure 4b , ASK1 S83A with WT PIM1 does not repress the activation of JNK, p38 and procaspase-3 cleavage. This is opposite to what is observed for WT ASK1 and WT PIM1, indicating that PIM1 phosphorylation of ASK1 on Ser83 leads to decreasing ASK1 signaling to the JNK and p38 pathway that finally leads to inhibition of caspase-3 activation. The blots have been quantitated to show graphically the ratios of p-JNK/JNK and pp38/p38. To further confirm that PIM1 negatively regulates ASK1 through phosphorylation of Ser83, we co-transfected deltaN-ASK1 (an N-terminal-deleted ASK1 that is constitutively active) with or without PIM1 (Figure 4c ). We found that PIM1 did not inhibit deltaN-ASK1-dependent JNK/p38 and caspase-3 activation, suggesting that PIM1 inhibits ASK1-dependent apoptosis only through Ser83 phosphorylation of WT ASK1. The blots have been quantitated to show graphically the ratios of p-JNK/JNK and p-p38/p38.
PIM1 inhibits ASK1-dependent cell death ASK1 is required for H 2 O 2 -induced sustained phosphorylation and activation of JNK and p38, which promotes cell death Tobiume et al., 2001) . It was of interest to determine whether the inhibition of ASK1 activity by PIM1 has a function in the modulation of ASK1-induced cell death. Therefore, we determined the level of ASK1-induced cell death in the presence of PIM1. HA-ASK1 was co-transfected into H1299 cells with either empty vector, WT PIM1 or KD PIM1. After 24 h, the cells were treated with 100 mM H 2 O 2 for another 16 h to maximize activation of ASK1 and then cell viability was determined as described in the Materials and methods section (Figure 5a ). In the presence of H 2 O 2 , cells that express ASK1 alone have low levels of cell viability (38%). However, when WT PIM1 is co-expressed with ASK1, but not with KD PIM1, a markedly higher degree of cell viability (62%) is observed. To further determine whether Ser83 of ASK1 contributes to PIM1 inhibition of ASK1, we co-transfected ASK1 (WT or S83A) with either empty vector or WT PIM1 into cells and determined cell viability (Figure 5b ). Consistent with the results shown in Figure 5a , the cell viability was improved by ASK1 co-transfected with PIM1, whereas it was unaltered by ASK1 S83A with PIM1. Taken together, these results indicate that PIM1 can suppress ASK1-induced cell death in a Ser83-phosphorylationdependent manner. To confirm that PIM1 promotes cell viability by inhibition of ASK1-induced apoptosis, we performed the terminal deoxynucleotidyl transferasemediated dUTP nick-end labeling (TUNEL) assay (Figure 5c ). After co-transfecting ASK1 with vector alone, PIM1 WT or PIM1 KD and green fluorescence protein (GFP) plasmid, H1299 cells were treated with 100 mM H 2 O 2 for 16 h and followed by TUNEL red fluorescence staining. Apoptotic GFP-red double-positive cells were counted using confocal microscopy. In agreement with the viability assay, ASK1 induced a high level of apoptosis (52.7%), whereas a significant reduction in the level of apoptosis was found (30.6%) in the presence of PIM1 and ASK1, indicating that PIM1 inhibits apoptosis through repression of ASK1 activity. Moreover, the apoptotic level with the S83A mutant of ASK1 was not altered by the presence of WT PIM1. Taken together, these results indicate that PIM1 can suppress ASK1-induced apoptosis in a Ser83-phosphorylation-dependent manner.
Knockdown of PIM1 leads to decreased phosphorylation of endogenous ASK1 Ser83 and decreased cell viability To determine whether PIM1 is required on ASK1 Ser83 phosphorylation and negative regulation, we knocked down PIM1 with small-interfering RNA (siRNA) in H1299 cells as shown in Figure 6a . 
Discussion
Increasing evidence suggests that PIM1 has a prominent function in cell survival resulting from a variety of stressful stimuli (Zemskova et al., 2008) . However, only a few proapoptotic proteins such as BAD and FOXO3a have been identified as being inactivated by phosphorylation by PIM1 (Aho et al., 2004; Morishita et al., 2008) . Here we report that ASK1, a stress-induced proapoptotic protein, is another substrate of PIM1 and helps to further explain how PIM1 promotes survival of a cell undergoing stress. Figure 7 represents our current model of PIM1 regulation of ASK1-mediated cell-death pathway. PIM1 can form a complex with ASK1 and phosphorylate ASK1 on Ser83. Phosphorylation of ASK1 by PIM1 significantly decreases ASK1 kinase activity and inhibits ASK1-mediated phosphorylation of JNK and p38. Thus, this phosphorylation event inhibits activation of caspase-3, which leads to decreasing levels of apoptosis. Under our experimental conditions, we found that the physical interaction between PIM1 and ASK1 is independent of PIM1 kinase activity because the KD mutant of PIM1 is still able to associate with ASK1.
Similar observations have been also made with other substrates of PIM1 such as C-TAK1 (Bachmann et al., 2004) . Furthermore, the complex formation between PIM1 and ASK1 is also independent of the phosphorylation status of residue Ser83 of ASK1. These observations indicate PIM1 binding to ASK1 itself is not enough to inhibit the kinase activity of ASK1.
Because ASK1 is a key player in the stress response that is in turn responsible for inducing multiple cell death pathways (Nishitoh et al., 2002) , its kinase activity is tightly regulated by events such as protein-protein interaction, oligomerization and phosphorylation. In this study we focused on the phosphorylation of ASK1 by PIM1. It has been shown by others that ASK1 can be phosphorylated at several sites that either up-or downregulate ASK1 kinase activity. Thr845 of ASK1 has been demonstrated as an autophosphorylation site responsible for increasing its kinase activity . On the other hand, phosphorylation on Ser83, Ser967 and Ser1034 of ASK1 has been found to inhibit ASK1-induced apoptosis (Zhang et al., 1999; Different combinations of ASK1 with PIM1were transfected into the cells as indicated in the graph. Cells were exposed to 100 mM H 2 O 2 for 16 h and cell viability was performed in the same way as described by the procedure in (a). (c) PIM1 inhibits ASK1-inudced apoptosis in a Ser83-phosphorylation-dependent manner. Either ASK1 plus vector alone, PIM1 WT or PIM1 KD was co-transfected into H1299 cells with green fluorescence protein (GFP) plasmid as a transfection marker for 24 h. Cells were incubated with 100 mM H 2 O 2 for 16 h, and then assessed by TUNEL-red staining according to the manufacturer's instruction (Roche). Both GFP and red fluorescence positive cells were counted under confocal microscopy. Cells, 300 GFP-positive, were counted in each experiment. Data in the graph represent the mean ± s.d. of three independent experiments. The asterisk indicates a significant difference (Po0.05) from the Students t-test.
PIM1 inhibits ASK1-mediated apoptosis
. AKT phosphorylates Ser83 of ASK1 that also leads to inhibition of ASK1-induced apoptosis. Importantly, the consensus sequence in which Ser83 sits is also favored by PIM1. We were able to demonstrate that PIM1 can phosphorylate this residue of ASK1. Although ASK1 can be phosphorylated by both PIM1 and AKT, there are differences between these two kinases. As a downstream target of phosphatidylinositol 3-kinase, AKT needs to be activated by growth factors and Ca 2 þ influx (Engelman et al., 2006) . Therefore, without the correct physiological conditions, AKT may not be activated. However, PIM1 is constitutively active in cells, which means its kinase activity depends entirely on protein levels that rapidly increase after cytokine, hormone, antigen, mitogen stimulation or stress (Wang et al., 2001; Katakami et al., 2004; Teh, 2004; Kumar et al., 2005; Shay et al., 2005) . Thus, it appears that both of these kinases regulate ASK1 activity, but exert their biological functions under different conditions.
Although we show phosphorylation on Ser83 of ASK1 by PIM1 inhibits ASK1 activity, the mechanism underlying how phosphorylation on Ser83 inhibits its kinase activity remains unclear. Ser83 sits on the N terminus of ASK1, which is known to be a regulatory domain of ASK1. Previous reports showed that thioredoxin inhibits ASK1 kinase activity by directly binding to this N-terminal region, whereas TNF receptor-associated factor 2 (TRAF2) activates ASK1 activity by associating with the N terminus of ASK1 . It is very possible that PIM1 phosphorylation of ASK1 alters the binding affinity of ASK1 for thioredoxin and TRAF2.
ROS such as H 2 O 2 can cause oxidative damage that in turn can trigger a variety of intracellular signaling pathways leading to either cell death or survival. The total balance between these pathways determines the cell fate (Matsuzawa and Ichijo, 2001; Cross and Templeton, 2006; Rhee, 2006) . However, there is also cross talk between pathways leading to cell death and to survival that ensures that cell death occurs when needed. By understanding how cells respond to oxidative stress, it may be possible to identify other contributors to these signaling pathways and therefore provide insight for novel strategies for therapeutic interventions. ASK1 has been shown to be involved in multiple stress-induced apoptotic pathways (Figure 7 ; Matsuzawa and Ichijo, 2008) . On the other hand, recent evidence has shown that PIM1 can protect cells from stress-induced apoptosis (Shah et al., 2008) . However, the mechanism for PIM1 involved in protection from stress has not been fully elucidated. We found that PIM1 inhibited ASK1-mediated activation of JNK/p38 and caspase-3 as shown in Figure 4a ; however, we also noticed that PIM1 expression alone decreases JNK/p38 and caspase-3 activity. It is possible that PIM1 inhibits the endogenous ASK1 activity and thus leads to this result.
In this study, we observed that there is a 21% increase in the survival of H1299 cell treated with H 2 O 2 in the presence of PIM1 and ASK1 (Po0.05). In contrast, there is no difference in the survival rates of cells with ASK1 S83A with or without PIM1. This indicates that PIM1 regulates ASK1-mediated apoptosis through phosphorylation of ASK1 Ser83. This is the first time PIM1 has been linked with a stress-induced protein kinase pathway and provides evidence for a new function for PIM1 in promoting cell survival. There is an obvious discrepancy between the cell viability and apoptosis. For example, the vector only has 47% viability, but shows 13% apoptosis. It is possible these cells are experiencing other kinds of cell death (autophagy, necrosis) in addition to apoptosis that cannot be detected by the TUNEL assay. Similar discrepancies between cell viability and apoptosis have also been reported by others (Zhang et al., 1999; Yan et al., 2007) .
In summary, our studies demonstrate the link between PIM1 with a stress-induced pathway involving ASK1. The finding that ASK1 is a substrate for PIM1 provides a further explanation as to how PIM1 promotes cell PIM1 inhibits ASK1-mediated apoptosis JJ Gu et al survival but in this case through negative regulation of ASK1.
Materials and methods
Cell culture and plasmids
The human lung cancer cell line H1299 (ATCC) was maintained in RPMI 1640 media (Gibco, Carlsbad, CA, USA) plus 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin. pcDNA3-HA-tagged ASK1 (WT and KM (K709R, catalytically inactive mutant of ASK1)) were provided by Dr Hidenori Ichijo, Tokyo Medical and Dental University. The S83A mutants of WT ASK1 and KM ASK1 were generated by PCR-based site-directed mutagenesis and were verified by sequencing.
Transfection and western blot Cells grown to a density of B70% confluence with antibiotic free media were transfected with the indicated expression vectors by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Silencervalidated siRNA to PIM1, Silencer siRNA (positive control) and Silencer negative control siRNA (Ambion, Austin, TX, USA) were transfected into H1299 cells using SiPORT lipid siRNA transfection reagent (Ambion) and cells were cultured for 48 h before harvesting for analysis. Cells were harvested and lysed in lysis buffer (50 mM Tris-HCl (pH 7.5), 1% (v/v) NP-40, 50 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mM sodium B-glycerophosphate, 5 mM activated sodium orthovanadate, 5 mM sodium pyrophosphate, 50 mM sodium fluoride and protease inhibitor cocktail set I (Calbiochem, San Diego, CA, USA)) by incubating on ice for 30 min. The extracts were centrifuged at 13 000 r.p.m. for 15 min to remove debris. Protein concentration was determined by the Bradford assay (Bio-Rad, Hercules, CA, USA). After adding 2 Â SDS loading buffer, the samples were boiled for 5 min and subjected to SDS-polyacrylamide gel electrophoresis (PAGE). Protein was then transferred onto a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA) and probed with the indicated primary antibodies and the horseradish-conjugated secondary antibodies. The bonded proteins were visualized with a chemiluminescence detection kit (PerkinElmer Life Sciences, Waltham, MA, USA). Antibodies were used including anti-PIM1 (Zhang et al., 2007) , anti-ASK1, anti-HA probe (Santa Cruz, Santa Cruz, CA, USA), anti-Ser83 phospho-specific ASK1, anti-JNK, anti-phospho-JNK, anti-p38, anti-phospho-p38, anti-cleaved caspase-3 (Cell Signaling, Danvers, MA, USA), anti-FLAG probe (Stressgen, Ann Arbor, MI, USA). To quantitate the signals in western blots, we downloaded Image J software from website: http://rsb.info.nih.gov/ij/ and used it to carry out the densitometry for blots.
In vitro kinase assay His-PIM1 WT and KD were generated as previously described (Zhang et al., 2008) . H1299 cells transfected with HA-ASK1 were treated with 500 mM H 2 O 2 for 30 min, and cell lysate was prepared by lyses buffer. Aliquots of the lysates were immunoprecipitated with anti-HA antibodies (2 ml per sample) overnight and then incubated with Protein A-Sepharose beads (40 ml per sample) (Invitrogen) for another 2 h. The beads were washed with lysis buffer 3 Â and then added with His-PIM1 WT, His-PIM1 KD in the presence of 10 mCi g-32 P-ATP (PerkinElmer Life Sciences) and 30 ml of kinase buffer containing 20 mM Tris (pH 7.5), 10 mM MgCl 2 for 30 min. The reaction was stopped by adding protein loading 4 Â SDS buffer and boiling for 5 min. The samples were subjected to SDS-PAGE and analysed by autoradiography to determine the phosphorylation status of ASK1 by PIM1. The kinase PIM1 inhibits ASK1-mediated apoptosis JJ Gu et al
